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57) AR
A solid-state spectromeler for the non-invasive generalion
and capture of thermal gradient spectra from human or
animal tissue. The spectrometer includes an infrared trans-
missive thermal mass window for inducing a transient
temperature gradient in the tissue by means of conductive
heat transfer with the tissue, and a cooling element in
operative combination with the thermal mass window for
cooling the thermal mass window. Also provided is an
infrared sensor for detecting infrared emissions emanating
from the tissuc as the transicnt temperaturc gradicnt
progresses into the tissue, and for providing output signals
proportional to the detected infrared emissions. A data
capture element is provided for sampling the output signals
received from the infrared sensor as the transient tempera-
ture gradient progresses into the tissue.

51 Claims, 8 Drawing Shcets
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SOLID-STATE NON-INVASIVE INFRARED
ABSORPTION SPECTROMETER FOR THE
GENERATION AND CAPTURE OF
THERMAL GRADIENT SPECTRA FROM

LIVING TISSUE

TECIINICAL TI'IELD

The present invention relates to a method and apparatus
for inducing a transient thermal gradient in human or animal
tissue, and for obtaining thermal gradient spectra from the
tissue as the thermal gradient propagates through the tissue.
‘T'he resuliing thermal gradieni specira can ihen be converied
to conventional infrared spectra, which in turn can be used
to determine concentrations of substances present in the
tissue, such as glucose.

Millions of diabetics are forced to draw bloo
determine their blood sugar levels. To alleviate the cons
discomfort of these individuals, substantial effort has been
expanded in the search for a non-invasive methodology to
accurately determine blood glucose levels. Two patent
applications, each assigned to Optiscan Biomedical Corpo-
ration of Alameda, Calif,, have significantly advanced the
state of the art of non-invasive blood glucose analysis. The
methodology taught in U.S. patent application Ser. No.
08/820,378 is performed by the apparatus taught in U.S.

patent application Ser. No. 08/816,723, and each of these

references is herewith incorporated hu reference
reierences Crewiln 1nCorpe cIcrence.

By way of introduction, the methodology taught in U.S.
patent application Ser. No. 08/820,378 is introduced as
follows.

Any object at a temperature above absolute zero (-273.16
degrees Celsius) emits infrared energy. The energy density
of such emissions is described by Planck’s law and are often
referred to as a blackbody curves. Theoretically, a body with
emissivity 1.0 would exhibit this emission spectra according
to Planck’s Equation. Many objects have emissivities close

io 1.0. Human tissue for instance has an emissivily of

approximately 0.9 to 0.98. It is well known that infrared
emissions from the human body obey Planck’s law and yield
a black body type emission spectra.

Although a human body may emit energy that follows
Planck’s Equation, Planck’s Equation docs not completely
describe the sum total of all energy emitted from a human
bady for two reasons:

1. The layers of the tissue and body [luids are selectively
absorptive to some wavelengths of infrared energy.
Thus, layvers of tissue and blood or other fluids may
selectively absorb energy emitted by the deeper layers
before that energy can reach the surface of the skin.

2. There is a temperature gradient within a body, the
deeper layers being warmer than the outer layers, which
causes further deviation from the theoretical black body
emissions.

Whenever ﬂ—\pce

vv QCNCVET LIS

wo conditions exist naturally. or can b

WO CONGIUOHS XISt Daturany, O Can

forced to exist, the inventors have determined that a
composition-dependent absorption spectra can be con-
structed [rom proper analysis of the total energy emitted

from the body. For heterogeneous bodies, composition may
be ﬂﬁnth denendent and conversely, absorption spectra gen-

h depenaent and conversely, absorption spectra

cratecl from deeper layers can contain sufficient composition

information to allow quantification of the concentrations of

individual constituents at that depth into the tissue. This is
possible when a temperature gradient either occurs or is
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r=
induced in the body. The slope of the temperature gradient
is such that the temperature is cooler at the surface of the
body closer to an infrared detector than at a more distant
location from the detector, typically deep within the body.

The inveniion iaughi in U.S. paieni applicaiion Ser. No.
08/820,378 uses the natural temperature within the body as
the source of the infrared emissions. As will be explained in
more detail below, as these deep infrared emissions pass
through layers of tissue that are at a lower temperature than
l.lle UCCPCI el1lltl1ﬂg ldyﬁl llle are SeleClIVCIV b511 dDSOI UCU
This selective self-absorption produces bands of reduced
energy in the resulting emission spectra when the energy
finally exits the material under study. The spectra containing
the bands where energy has been self absorbed is called an
absorption spcctra.

The invention taught in U.S. patent application Ser. No.
08/816,723 employs cooling to promote “self-absorption™
by letting the temperature gradient propagate to selected
layers typically between 40 and 150 microns below the

surface
Suriace.

When the temnerature oradient has sufficiently
YWOCH e WCmperawire gradient nas suacienly

propagated, the techniques presented therein can non-
invasively deliver absorption spectra of the tissue, blood,
and interstitial fluid containing glucose. The inventions
incorporated by reference can deliver precise information

about the comnosition of individual lavers prp within a

about the composiion oI mnaivigual 1ayers cee non a

heterogenecous body of material by measuring the absorption
spectra at different times as a temperature gradient propa-
gates from the surface to deep within the material under test.

According to Ser. No. 08/820,378, there is provided a
spectrometer for the non-invasive generation and capture of
thermal gradient spectra from human or animal tissue. The
spectrometer includes an infrared transmissive thermal mass
for inducing a transient temperature gradient in the tissue by
means of conductive heat transfer with the tissue, and
cooling means in operative combination with the thermal
mass for cooling the thermal mass.

Also provided is an infrared sensor means for detecting
infrared emissions emanating from the tissue as the transient
temperature gradient progresses into the tissue, and for
providing output signals proportional to the detected infra-
red emissions. Data capture means is provided for sampling
the output signals received from the infrared sensor means
as the iransient iemperature gradient progresses inio ihe
tissue.

The invention of U.S. Ser. No. 08/820,378 also provides
a method for the non-invasive generation and capture of
thermal gradient spectra from living tissue. The method

\,Ulll}]llbcb I.UC blCth UL

cooling an infrared transmissive mass;

nlacino the infrared tranemissive mass into a conductive
P1alig il Mirarch wansmissive mass e a conducuve

heat transfer relationship with the tissue, thereby gen-
erating a transient temperature gradient in the tissue;
detecting infrared emissions emanating from the tissue
and passing through the infrared transmissive mass;
providing output signals proportional to the detected
infrared emissions; and

gamnlino the outnut gionalg ag the tran
sampiing e oulpul signais as ne rar

gradient progresses into the tissue.
In one preferred embodiment taught in Ser. No. 08/816,
723 a germanium cylinder, cooled to 0° C., is brought into

intermittent contact with the patient’s warm skin, and the
reqn]hnﬂ thermal nrarhpnrc so formed are used to nﬁrfr\rm

the methodology [aught in Ser. No. 081820,378. Skin
warming, according to this invention, may be accomplished
by simply allowing the patient’s skin to naturally re-warm
between cooling contact. Alternatively, an external heat

cient t
1si1ent U
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source in the form of a second, warmer germanium cylinder
may be utilized to facilitate skin warming. The intermittent
heating and cooling of the patient’s skin results in the
creation of transient thermal gradients. In this manner, useful
specira are generaied which in iurn yieid very good mea-
surements of the patient’s blood glucose levels.

While the methodology taught in the incorporated refer-
ences presents a significant advance in non-invasive glucose
metmlogy, there exists room for further improvementi

ULIU bubll lﬁ]PlUVClijelli lles 111 lllC manner lll Wlllbll lllU
data collected by the apparatus are manipulated. In the
methodology taught in Ser. No. 08/820,378 a volts-to-watts
radiometric calibration step is often required. To preclude
this requirement, a U.S. Patent Application, identified by
LaRivicre, Grubman & Paync Docket No. P826 is filed
contemporaneously herewith, and is herewith incorporated
by reference. The methodology taught therein takes advan-
tage of the fact that by inducing a temperature gradient, a
difference parameter between the signal at a reference wave-

lenoth and the sional of an analvie absorption wavelenoth
L0gul aid il Sigids O4 dnl dndiyiC aosirpuln waveilngul

may be detected. The frequency or magnitude or phase
difference of this parameter may be used to determine
analyte concentration. A further object of the invention
taught therein is to provide a method of inducing intermit-

tent temperature modulation and using the frequency,
magnitude, or phase differences caused by analyte absor-
bance to determine analyte concentration. This intermittent
temperature may be periodic or aperiodic.

One improvement to the apparatus taught in Ser. No.
08/816,723 enables the methodology taught in LaRiviere,
Grubman & Payne Docket No. P826 to be performed. To
enable this latter methodology, a fairly rapid series of
measurements is taken. While the non-solid-state apparatus
taught in Ser. No. 08/816,723 is capable of cycle frequencies
of 2 Hz, an apparatus which seeks to implement measure-
ments based on phase differences can, with good effect,
make use of much faster cycle frequencies. Faster cycle
times equate to faster measurements, and less patient wait-
ing time. An apparatus which enables faster repetitive mea-
surements or cycle times will accordingly enable these
advantages.

Aun additional advantage of the method taught in P826 is
ihat by using a periodically modulaied iemperature gradient,
surface skin effects may be measured and corrected for.
Another improvement lies in the nature of the contact
between the germanium cylinder and the patient’s skin. It is
p0s51ble that some apparatus performlng subsurface thermal
gldulclll Spécuufﬂﬁuy Tﬁay ICLIUIIC morc l.l-la.fl onc nicasurc-
ment cycle, or “thump”. Where this requirement exists in an

apparatus requiring intermittent contact between the 5

paticnt’s skin and hcat transfer cylinder, onc possible source
f error exists in the nature of this contact. If several

o ~d ofFn
rement L)’LI\/\ arc 1¢q ircd to cffect an accuratc mca-

surement of blood glucose, it follows that the cylinder must
be brought into contact with the skin several times. The
problem is that each of such contacts tends to be slightly
different. Slight differences in pressure at the skin/cylinder

mterface gecur. The natient mav move that nortion of his or
mieriace oCCur. 10¢ palient may move nal portion o1 1S Of

her body, for instance the arm, in contact with the apparatus.
Muscular tension may change from reading to reading. Each
of these [actors, and perhaps others as well, tend to com-

plicate the already complex nature of the contact between
the skin and the r'vhnr‘]f'r. A unnlﬁr'nnf 1mnrr\vemf=nr will

result if these “rheological cffcus can bc controlled or
standardized if not altogether eliminated.

Closely related to the Theological effect problems previ-
ously enumerated is the intermittent nature of the thermal/
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mechanical/optical interfaces occasioned by the intermittent
nature of several of the thermal, mechanical, and optical
elements of the apparatus taught in Ser. No. 08/816,723.

Yet another improvement could be made to the apparatus
iaughi 1n Ser. No. 8/816,723, which relaies 10 a meihod-
ology which would perform at least one of the previously
discussed subsurface thermal gradient spectrometric
methodologies, and which could be reliably performed on an
apparatuﬁ having no moving partﬁ whereby the thermal
gldulCllL 15 geflvl dLCU dllU L,dpl.uu:u

From the foregoing, advances in the field of non-invasive
analyte determinations may be had by an apparatus which
supports the methodology taught in the concurrently filed
application identified by LaRiviere, Grubman & Payne
Docket No.
gradient spectrometric methodologies including but not nec-
essarily limited to those discussed in U.S. patent application
Ser. Nos. 08/820,378 and 08/816,723. An apparatus which
enabled more rapid measurement cycle times would not only

do much 1o sunport the new methodolooy. but would lessen
GO MUChH Lo support e new melnoioiogy, oul WoulG iessen

patient waiting time and improve measurement accuracy.
One possible methodology which could provide such advan-
tages would be to form a measuring device which does not

rely on a mechanically intermittent device, such as the one
taught in U.S. patent application Ser. No. 08/816,723 but
which generates transient thermal gradients in a “solid state”
manner: i.e., without the mechanical moving of a cooling/
measuring cylinder into and out of contact with the patient’s
skin. Such a solid state device would present the further
advantages of leaving intact the thermal, mechanical, and
optical interfaces intact, minimizing the rheological effects
of intermittent cylinder/skin contact.

Such a system, however, poses a very difficult problem: If
the device is left in intimate contact with the patient’s skin,
it naturally follows that the same element will be used to
both cool the skin and to take readings from it. Moreover, to
increase cycle times, it may be necessary to provide an
external warming to the skin. From this it follows that the
same structure will be required to alternately warm the skin,
cool the skin, and measure the thermal gradient so induced.
Given that the element must perform each of these functions,
the cool cylinder must be protected from unwanted warm-
ing. The warming {unction must be performed accuraicly
without undue influence from the cooling function. Finally,
could either be performed while measuring the transient
thermal gradients so generated?

SUMMARY OF THE INVENTION

The present invention teaches a solid state non-invasive
infrared absorption spectrometer for the generation and
capture of thermal gradient spectra from living tissue. As
used herein, the term “solid state™ is defined to mean that the

annaratus has no moving narts which move with resnect to
apparatus as noc moving pal Wwhich mo Spe

NANE o well ag athor gubanirfarss thareaal
o4y, ad will ad> Uuill duvduilale ulviiiial

one another to effect the creation of the transient thermal
gradient, or which allect the infrared spectroscopic mea-
surement taken in response to the creation of such a gradient.
Moreover, a solid state system is one in which the thermal

nrhlrmc device is hrmmht into contact with the

grad
patient’s arm, a.nd left in such contact during the entire
measurement series. To achieve the novel advantages
obtainable from such a solid state device, the spectrometer
includes an infrared transrnissive thermal mass, or window,
for inducing a transient temperature gradient in the tissue.

In place of the intermittent physical contact taught by U.S.
patent application Ser. No. 08/816,723, the present invention
utilizes a single thermal mass structure, referred to as a
thermal mass window, which not only heats and cools the
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patient’s skin to affect the transient thermal gradient, but
through which are also transmitted the absorption spectra
generated by the gradient. Accordingly, the thermal mass
window of the present invention remains in contact with the
paiieni’s skin during ihe iime ihe measuremeni is made,
thereby minimizing intermittent rheological factors.

The thermal mass window i
ent window in operative combination with an mterrmltcnt
heat exchanger for intermittently inputting heat into the
window. The thermal mass window is urged into contact
with the patient’s skin and is thus utilized to conductively
and intermittently cool and warm the patient’s skin. The
cooling function may be implemented solely by the rela-
tively large, cool thermal mass of the thermal mass window
itseif. Alternatively, heat can actively be withdrawn from the
window by means ol a cooling device which intermittently
removes heat from the window. The cooling device may be
a separate unit from the heat exchanger, or may be incor-
porated therewith. This intermittent warming and cooling of
ihe skin may be periodic or aperiodic.

In onc cmbodiment of the present invention, the thermal
mass window is implemented to include a plurality of zones
disposed in or on the thermal mass wmdow. In thls embodi-
ment the thermal mass window includes a first zone char-
acterized by high thermal conductivity for cooling the
thermal mass and hence the patient’s skin, and a second zone
characterized by high thermal conductivity in operative
combination with the first zone of high thermal conductivity,
which second zone provides conductive heat transfer with
the patient’s skin. The second zone is preferably of relatively
small thermal mass, while the first zone is preferably of
relatively large thermal mass. The present invention teaches
a number of methodologies for forming the thermal mass
window. Each of the zones is optically transparent in the
inirared.

One methodology incorporates a third zone characterized
by low thermal conductivity which is disposed between the
first and second zones, which third zone serves to thermally
isolatc the first and sccond zoncs from onc another. Indced,
this third zone can be said to be a thermal impedance zone.
The third zone, like the first and second zones, is optically
transparent in the infrared. And like the second zone, it is
preferably, but not necessarily, of small thermal mass.

Disposed on an outer surface of the second zone is a
heater for evenly and accurately heating the patient’s skin.
The first zone may be in substantial thermal contact with a

heat exchanoe bodvy which, in combination with the mass of

peat exchange Dogy nich, 1 combinalion wilh the mass ¢

the first zone itself, serves to cool the entire thermal mass

window. Accordingly, the present invention contemplates a

window where heat is intermittently added to the second
zone, and withdrawn from the first. The second zone serves
to thermally isolate the first and third zones from one
another. Each of the zones, being optically transparent, at
least in the infrared, enables optical transmission through the
entire thermal mass window.

The device taught herein may incorporate a heat

exchanoer. or mav have no heat exchanoer at all. Where 23
CXCaanger, O May 4ave Bo ACai CXCAanger av au. vWialic a

heat exchanger body is implemented, it may be cooled
actively or passively. In one embodiment of the present
invention, active cooling is achieved by providing a low of
cooling water to the heat exchanger body. Of course, alter-
native active or naqmvp r‘r\nhna mPfhnﬂr\]nmPc well within

the ability of one having ordmary skill in Ihe art, could be
implemented with equal facility. In another embodiment of
the present invention, there 1s provided no heat exchanger. In
this embodiment, the thermal mass window has sufficient
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thermal capacity or mass that the temperature of the device
as it is cycled rises sufficiently slowly during the measure-
ment cycle that the temperature rise over time can be
compensated for. Rescarch indicates that some such embodi-
menis may {unciion properiy for several minuies before ihe
temperature rise becomes uncontrollable.

Where a structure is m ed in contact with the
ambient atmosphere at an artificially depressed temperature,
condensation can be a problem. To alleviate this problem the
housing surrounding the window and heat exchanger can be
equipped with any of several methodologies to prevent
condensation from forming on one or more of the relatively
cool surfaces. In one embodiment of the present invention,
there are provided at least one of an electro-thermal heater
and a flow of dry purge gas to keep one or more surfaces of
the window [ree of condensate. Alternative methodologies
for the prevention of condensation, including the use of
chemical surfactants, may with equal facility be imple-
mented.

Also provided is an infrared sensor device for detecting
infrarcd cmissions cmanating from the tissuc as the transicnt
thermal gradient progresses into the tissue, and for providing

? r o N b N r N =4
output signals proportional to the detected infrared emis-
sions.

A data capture device is further provided for sampling the
output signals received from the infrared sensor device as

the transient temmerature oradient nrooresses intg the tisgue
e transient temperature gradgient progresses 1nto tne lssue.

Other features of the invention are disclosed or apparent
in the section entitled “BEST MODE OF CARRYING OUT
THE INVENTION”.

BRIEF

For fuller understanding of the present invention, refer-
ence is made to the accompanying drawings in the following

detailed description of the Best Mode of Carrying Out the
Invention. In the drawings:

FIG. 1 is a conceptual representation of a first spectrom-
eter formed in accordance with the present invention;

FIG. 2 is a cutaway exploded view of ihe ithermal gradient
device constructed in accordance with the present invention;

FIG.

3 is an ﬁYn]r\dFﬂ view of a thermal mass wmdnw

FIG. 4 is a perspective view of the wire grid electrical
heater of the present invention;

FIG. 5 is a second spectrometer formed in accordance
with the present invention;

FIG. 6 is a schematic representation of the data capture
and control electronics of the spectrometer shown in FIG. 5;

LTIy 74 oragg_qan

LINT. 1 lb CI. LLUDDTOVG
mass window;

FIG. 8 is a cross-sectional view of another alternative
thermal mass window; and

FIG. 9 is a cross-sectional view of yet another alternative
thermal mass window.

Reference numbers refer to the same or equivalent parts
of the invention thrmlcrhnnr the several ﬁ011rr< of the draw-

ing.

DECT MNOAND AL FCADDVING ATTT THOD
DEDS T IVIVIJE U CARRNT LN VYU i

The present invention relates to the measurement of
infrared energy absorption in a heterogencous body. The
following description is presented to enable one of ordinary
skill in the art to make and use the invention as provided in

the context of a particular application and its requirements.
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Various modifications to the preferred embodiments will be
readily apparent to those skilled in the art, and the generic
principles defined here may be applied to other embodi-
ments. Thus, the present invention is not intended to be
limited to the embodiments shown, but is (0 be accorded the
widest scope consistent with the principles and novel fea-
tures disclosed herein.

A discussion of the principles of non-invasive infrared
spectrometry applied to analyte quantification can be found
in the incorporated references.

The mechanism or process taught herein for creating and

controllino the maonitude. nronacation veloceity and contour
CORLIoUINE 1a¢ MagniiuGe, propagauon veioClly ana conour

profile of the thermal gradient incorporates cyclic cooling
and re-warming of the observation site. The mechanism or
process for cooling the surface of the tissue target site is
unique in the present invention not only in that the cooling

]'\nr]v becomes part of the ontical ﬂﬂﬂ’“}lﬂ‘! throuoh which the

ogecomes ol the oplicalpath througn waich e

1nfrared energy must pass in order to be recordcd, but that
this cyclic cooling and re-warming is achieved using a solid
state system. T'he present invention is suitable for analyses
conducted in accordance with the incorporated references,
as well
ordinary skill in the art.

To improve the signal-to-noise ratio in the measurement
it may be advisable to repeatedly observe the depth-selective
spectral emissions. The device taught herein is designed to

renetitivelv and reneatably cool and re-heat the taroet tissue
repelitively and repeatladiy ¢O01 ana re-ncatl tne larget tssue

arca without the need to mechanically remove one or more
thermal masses from the patient’s skin. This not only results
in a simpler system than taught in U.S. patent application
Ser. No. 08/816,723, but reduces the rheological effects

inherent in that desion. Most imnortantlv. the device tanoht

maerent m that gesign. Most importantly, ine gevice taugnt

here provides the capability to very rapidly cycle between
heating and cooling with a frequency of between about 0 and
about 20 Hz.

Uniformity of the heating and cooling across the surface
arca of the target tissuc and within the volumc under the
target site is also an important parameter for maximizing the
speciral signal content of the depth dependent emissions.
Reduced uniformity of the temperature across the surface
during either heating or cooling will result in the thermal

oradient nrofile not heino uniform in a direction nernendicu-
SraGichi Proald NOL O g UniCIn 1 a GieCulh perpinaicu

lar to the surface. The resulting absorption spectra will
contain absorption information from differing depths across
the surface of the target thus losing specificity between
spectral content change and depth.

as other applications apparent to those having
rr rr t=

O 1.1

I\CLCI[JUB 1o I‘IU 1 a UJU\.«I& Uldgldlll UL a lllbl PlClCllCU
embodiment of the present invention is shown. In this
embodiment there is provided a thermal gradient device 200
for inducing a tempceraturc gradicnt within the body 50
Infrared emissions from the body 50 are transmitted through
thcrmal g £gr adicnt device and arc then collected by 0y an \!llllbd}
collector 102. A particular wavelength is selected that cor-
responds to a particular constituent in the body 50 by a
wavelength selection system 104. A detector 106 receives
information from the selection system 104. A signal pro-

cessino system 108 nrocesses the information. The several
CCSSIAE SYSICH avS ProCeSsCs 1l Hisnauln. 148 SCVOrar

elements of the system will be described below.
Thermal Gradient Device 200
In one prelerred embodiment of the present invention, as

shown at FIG. 2, the thermal gradient device 200 includes a
hf\'l'lanﬂ 202. Hr\nmnn 202 may be

moldcd plastic, or othcr matcuals which will retain the
several elements of device 200 therein while minimizing
movement of those several elements, and minimizing con-
densation thereon. Disposed on an upper surface of housing

formed of iniection-

w

[N
=)

35

40

45

50

55

60

65

Q

L8]
202 is window holder 204. Window holder 204 may be
formed of similar material to housing 202. Window holder
204 defines aperture 206. Sealing aperture 206 is window
208, which is formed of polycrystalline float zone silicon.

Window 208 mav be attached substantially as shown to
WIIGOW &8 may o¢ atlacaed suoslanliauny as saown o

housing 202, or in the alternative may be a replaceable
and/or disposable element, attachable to and detachable
from housing 202 or to window holder 204 disposed
thereon.

Disposed within housing 202 is heat exchanger body 210,
retained in position within housing 202 with a plurality of
fasteners, for instance socket headed cap screws 212. Dis-

nosed within heat exchancer body 210 g 4
POSCO Wil OCdu CXUnanglr COGY 4av 15 &

window 300, more fully described below. Heat exchanger
body 210 is preferably formed of copper, one of its alloys,
or another material having thermal mass and good thermal
transmissive qualities, and prelerably good resistance to
corrosion. In one embodiment of the present invention, heat
exchanger 210 is a hollow structure, defining cavity 220.
Cavity 220 is provided with a continuous flow of chilled

waler by means of a nair of waler fittinos. one of which
WaleT By Imeans 01 & pair o1 waler dumgs, one ¢L wiica 1s

shown at 222. Thermal mass window 300 is chilled by heat
exchanger body 210. In one preferred embodiment this
cooling is to approximately 10° C., but other temperatures
may, with equal facility, be implemented for certain metro-

looic reasons in some annlications. This denressed temnera-

logic reasons in some applications. This depressed tempera
ture provides an enhanccd temperature gradient at the mea-
surement site to enhance the infrared signal to allow
detection by detectors (not shown in this view).

ITeat exchanger body 210 is typically connected to a water
bath such as a LAUDA model RM-20 (not shown). The
water bath is operated at 10° C. and the bath’s internal
circulating pump circulates water inside the heat exchanger
to cool thermal mass window 300. Alternatively, thermal
mass window 300 can be cooled with a thermoelectric
cooler such as Mellcor (Trenton, N.J.) FCO.6 controlled by
an Alpha Instruments (Johnston, R.I.) TEC controller, again
not shown. Additional means for cooling the target surface
inciude coid N, or other gases, as well as infrared transmis-
sive cooling fluids circulated immediately in contact with
target window rear surface. Waste heat can be dissipated in
a phase change material such as TEAP 29, manufactured by
PCM Thermal Solutions of Naiperville, Ill. These and other
aliernative cooling methodologies, weil within the purview
of one having ordinary skill in the art, may of course be
utilized.

In at least one other embodiment of the present invention,
there is provided no heat exchanger In this embodiment, the
L115111]a1 mass WIIIL[UW lldb bumblel]i. Ll]elli]al bdpdbll)’ or
mass that the temperature of the device as it is cycled rises
sufficiently slowly during the measurement cycle that the
tempcerature risc over time can be compensated for. Rescarch
indicates that some such embodiments may function prop-
crly for scveral minutes before the temperaturce risc becomces
uncontrollable.

Abottom cover 214 is retained with fasteners, not shown
in this view, to housing 202. Bottom cover 214, in operative
combination with window holder 204, serves to seal the

thermal mass
ermail mass

geveral elements of thermal oradient device 200 within
SCVOra: CiomiCnis Or wilimar graGiCht GOVICC 4vv Wil

housing 200, minimizing contamination and condensation.
Thermal mass window 300 is retained within heat exchanger
body 202 and boltom cover by means ol retaining ring 216,

which both seals thermal mass window 300 within aperture
218 of bottom cover 214, but urges thermal mass window

300 into intimate thermal contact w1th both heat exchanger
body 210, and window holder 204.

Since the temperature of the thermal mass window 300
may be below the dew point, special precautions in some
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embodiments must be taken to assure that no condensation
exists on any surface through which infrared energy is
collected. This necessitates either dehumidified enclosures,
mechanical defrosting of the crystal surfaces or chemical
means for dew preveniion. In a {irsi preferred embodimeni
of the present invention, condensation is prevented at the
upper end of the thermal gradient device by means of a flow
of purge gas, for instance dry nitrogen, into housing 202
through a pair of purge gas ﬁttmgﬁ 224 and 226. Disposed
on UUllUll] COver Al"’ lllUIC lb PIUVIUCU an Uleclfical 1‘1621!51
(not shown) for preventing fogging of the bottom of thermal
mass window 300. Again, alternative condensation preven-
tion methodologies, well known to those having ordinary
skill in the art, may be employed. Moreover, in some
ﬂ.yyllbﬂ.llUllD \zllh\zl o1 bUlh L/Ulld\/llbd{‘l\(:’n Pl\zV\AlllUlJ lll\zlh'
odologies may not be required, and may therefore be dis-
pensed with.
Thermal Mass Window

Referring now to FIG. 3, one embodiment of thermal

mass window 300 is shown, Thermal mass window 300
mass winGow SYv 15 500WhH., 1000MMd: Mass winGow Svv

comprises a first zone of high thermal conductivity, in this
embodiment as a germanium cylinder 302 defining the
previously discussed first zone. Germanium cylinder 302 is

a germanium crystal, for instance as manufactured by Meller
nnhr'c of Drr\‘nﬂpnr‘p R T

mm in length. Alternatlvc dimensions may of course be
implemented. Both end surfaces are “polished to optically
flat condition”. Other materials, geometries, surface
textures, and sizes are acceptable. In particular, the present
invention specifically contemplates the use of silicon and
diamond as thermal mass window elements. The thermal
mass window’s function is threefold. One function is to cool
the measurement “site”, another to warm it, and the last is to
efficiently collect and transmit the infrared energy to the
collector and detector systems.

Disposed upon an upper surface of germanium cylinder
302 is a third zone having low thermal conductivity, defining
a thermali impedance zone 304. In this embodiment, a 50 um
layer of AMTIR-1, a Ge;;As;,Sess glass, is utilized.
AMTIR-1 is available from Amorphous Materials Inc., 3130
Benton, Garland, Tex. 75025, and the description of
AMTIR-1 found on that firm’s material safety data sheet for
ihis maierial is hereby incorporaicd by reference.

Further disposed on an upper surface of thermal imped-
ance zone 304 is a thermoelectric heater 400, including
substrate 402 and a heating element 404. In this
embodiment, substrate 402 defines the previously discussed
second zone, which second zone is characterized t oy 111511
thermal conductivity. In this exemplar, substrate 402 is

and i 19 mm in diameter and 10

formed as a layer of polycrystalline float zone silicon, 0.25 3

mm in thickncss. Disposcd on an upper surfacc of substratc
402 is heater element 404, further described in FIG. 4.

a1,

cg of
s Oi

It should bc noted that the prin thc present
invention specifically contemplate several methodologies
for the formation of thermal mass window 300. As a result,
the previously discussed zones may be implemented as
discrete layers, substantially as shown in FIG. 3. The imple-

mentation of such lavers mav bhe by means of lamination
MCHauon O1 5Uln 1ayCIs ay oC Oy HiCallsS U1 1aiilaulil,

chemical deposition including vapor deposition and liquid
deposition, crystal growth, epitaxial growth, coating, or
other layer [ormation methodologies well known to those

having ordinary skill in the art.

Particularly well suited for forming several of the embodi-
ments of the present invention are well known integrated
circuit fabrication methodologies including, but specifically
not limited to, those previously discussed. A generalized

discussion of these methodologies may be found in Micro-
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chip Fabrication, A Practical Guide to Semiconductor Pro-
cessing. 3™ Ed., Peter Van Zant, McGraw Hill, 1997, which
is herewith incorporated by reference.

A further alternative contemplates the formation of dis-
creie zones which are noi speciiicaily layers in ihe sirici
sense of the word, but are defined as specific regions having
the previously discussed properties. Such zones could be
formed by doping one or more zones with a dopant, or by
ﬁintering materials having Qpeciﬁc thermal transmissive
proper ties, lucleoy 1eS'llu.u]g in a zone uaVng the LCqmbuc
properties.

Referring now to FIG. 4, the embodiment of heating
element 404 formed as a 1m thick layer of gold or platinum
deposned over a 300-500 A thick adhesion layer of 10/90
lllﬂlllulll/lullgbl\/ll dllU)’ dyyll\/d o Dubbllﬂl\/ 4‘\}2 lb thWll.
Either or both of the gold or platinum layer, hereafter
referred to as the gold layer, and the alloy layer may be
deposited by chemical deposition including vapor deposi-
tion and liquid deposition, plating, laminating, casting,

sinterine. or other formine or denosition methodolooies well
SICTIng, Or OLOCI 10Iming Or GEposiiion meliGuoIogIes Weil

known to those having ordinary skill in the art. After
gold/alloy deposition, those materials are formed into a wire
bridge heating grid as described below. Alternative heating
element materials are specifically contemplated by the

teachinos of the present invention

teachings of the present invention.
Having continued reference to FIG. 4, after gold/alloy
deposition, the gold/alloy layers are formed into the wire
bridge heating grid shown in that figure. Forming of the grid
may be by means of masking, chemical etching, photo
etching, ion etching or milling, abrasive etching, grinding or
other material formation or removal methodology well
known to those having skill in the art. In one embodiment of
the present invention, the gold/alloy layer is etched back to
form a plurality of sub-busses 406. In this embodiment
sub-busses 406 are 50 um wide traces on 1 mm centers.
Bridging sub-busses 406 are a further plurality of heating
wires 408, formed as 20 um wide traces on 5 mm centers.
in this preferred embodiment in FiG. 4, substrate 402 is
initially formed as a square having sides of length “d”, in this
case 12 mm. Following the material deposition and etching
back previously discussed, substrate 402 is cut back on two
opposite sides as shown to form heater 400 iuc,luding busses
410. At this junciure, heater 460 forms a reclangle having
dimensions d by d', in this embodiment 12 mmx10 mm. This
particular configuration is suitable to one preferred embodi-
ment of the present invention. It will be apparent to those
havmg ordmary skill in the art that alternative alloys
\,uauugb, dimensions, geomeir ics, bpauﬂgs and bus Conugu-
rations may, with equal facility be implemented for this or
other specific applications. The principles of the present
invention spccifically contemplate all such alternatives.
Busses 410 are in electrical combination with a switched

il bt gl Tha waorar cninnlo 1o firthar
Uuppry, iioe SHOwii. 168 POWOT SUppry is 1uinuncr ii

ll\!W\/l
operative combination with a timed switching device or
system control, again not shown, for intermittently applying
electrical power to heater 400. As previously discussed, this
intermittent application of electrical power may be periodic

or aneriodic in nature
Or aporioail il navurc.

An alternative to this embodiment of thermal mass win-
dow 300 is shown as thermal mass window 700 in FIG. 7.
Having reference to that figure, thermal mass window 700

comprises an infrared transparent window 704, relatively
thin and of less thermal mass in r‘nmnm‘mnn to window 302,

previously discussed. Window 704 is in substantial thcrmal
contact with a heat sink 702. In this embodiment, heat sink
702 takes the form of a cylinder of copper which in turn
defines an axial cavity 708. Covering one end of axial cavity



US 6,198,949 B1

11
1L

708 is window 704. Disposed upon one surface of window
704 is a heating element 706, formed as previously dis-
cussed. In this simplified cross section, element 710 repre-
sents the “back end” of a spectrometer implementing this
version of ihe thermal mass window. Back end 716 com-
prises those elements of the spectrometer optically down-
stream from the thermal mass window 700, including but not
necessarily limited to optical collection system 102, analyti-
cal Wave]ength selection system 104, detector system 106
and mgu?u pfOCéSS‘ulg system 108. In this exeulpml, at least
one of the foregoing elements may be disposed within heat
sink 702, but alternative arrangements are contemplated by
the teachings of the present invention.

In this embodiment in FIG. 7, the thermal mass of heat
sink 702 scrves to cool window 704.
sink 704 may in turn be passive, or active, as previously
discussed.

A further alternative embodiment is shown at FIG. 8 as
800. This alternative is substantially similar to the embodi-
ment shown in FIG. 'I with the addition of a

impedance layer 802 dlsposed between window 704 and
heating element 706. In this embodiment, back end 710 is
shown external to heat sink 702, but again, the previously
discussed arrangement Whereby one or more back end

elements ig chhncpﬂ within cavi

facility, be 1mplemented.
Yet another alternative embodiment is shown at FIG. 9 as
900. The previous alternatives utilized a plurality of zones to
perform the intermittent heating and cooling required to
generate thermal gradients. This embodiment utilizes a
single thermal mass of infrared-transparent material 902 to
both heat and cool the sample under observation. Having
reference to FIG. 9, thermal mass window 900 is formed of
a mass 902 of infrared-transparent material. As before, a
preferred embodiment of this invention contemplates the use
of germanium, silicon, or diamond. Alternative infrared-
transparent materials may of course be utilized. To apply or
withdraw heat from the sampie under observation, mass 902
is heated or cooled by means of heat exchanger 904 which
is urged into thermal and mechanical contact with mass 902.
The alternative heating and cooling of mass 902 is accom-
plishcd by means of alternately hcating and Looliug heat
exchanger 904. This heating and cooling may be achieved
by any of several known heat-transfer technologies
including, but not limited to: the application of a flow of
heating/cooling fluid or gas to heat exchanger 904; thermo-
electric heating and/or cooling implemented at heat
exchanger 904, the use of radiation, cspeuauy MICTOWave
radiation; and other well-known heat transfer methodolo-

Tho onnling of hoat
110C COO1IE O1 ndat

thermal

ullIimnan

708 mav. with pq“q]

/88 may, 110 ual

gies. The principles of the present invention specifically 3

contcmplate all such altcrnatives.
Analytical Wavelength Selection Syslern 104

S\/V oI dl mcans \Jf \\/}Ubllllg inc ﬂ.llclly lIL/CI.I wave
be used, including but not necessarily limited to:

Discrete infrared bandpass filters;

An interferometer;

<

A spectrophotometer;

A grating monochrometer, and

A variable filter monochrometer.

In the preferred embodiment, a set of nine discrete ana-
lytical filters manufactured by Optical Coating Laboratories
Inc. (Santa Rosa, Calif.) are used. In an alternate embodi-
ment a PERKIN ELMER (England) System 2000 Fourier
Transform Infra Red Spectrophotometer (FTIR) is used in
place of the filters. The filters provide a compact system that
is rugged and relatively economical. The use of a specific set
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of bandpass filters restricts the instrument to analyzing only
preselected wavelengths. The use of the FTIR allows the
optical measurements of all wavelengths. When using an
FTIR, the final analysis wavelengths are selected in the

sional nrocessine computer. Therefore an instrument built
Sigiai processing computel. 1aereiore an wstrument suut

with discrete filters is dedicated to measuring a predeter-
mined compound, e.g. glucose, while an instrument built
using an F11KR can be directed via soitware modiflcations to
measure any of a number of compounds such as glucose,
alcohol, etc.
Detector System 106

The detector system of FIG. 1 converts the infrared
cnergy into usable electrical Sigﬂ&m The detector b_yblClll
106 typically comprises of two components, an infrared
detector and a pre-amplifier.

In the preferred embodiment, the detector is an array of
nine Photo Voltaic Mercury Cadmium Telluride (PVMCT)

datectare A detactor anich ag a FERMINOINTOQ (Qimit Ualla
GCICTIOLS. A GCIICCIOT SUCH a5 @ XLV LINILS (31l Vaudy,

Calif.) model PV-9.1 with a PVA481-1 pre-amplifier is
acceptable. Similar units from other manufacturers such as
GRASEBY (Tampa, Fla.) can be substituted.

Signal Processing Systcm 108

The sional nrocessinge system 108 used in the nreferred
i0¢ signa. pr ng system 198 uscea 1 ¢ pr

embodiment is a general-purpose programmable personal
computer (PC) manufactured by Digital Equipment Corp.
(DEC) model 433 1px. Others can be substituted with equal
facility. Moreover, a special-purpose computer implemented
as hardware, firmware, software or a combination thereof
could be dCV ised to pcrform the specific signal processing
functions required. The computer provides a computation
engine, display and user interface to the system. An analog-
to-digital (A/D) converter system is used to interface the
analog signals from the detector to the computer. One such
A/D converter is manufactured by Strawberry Tree, Inc.
(STI) in San Jose, Calif,, as their model “WORKMATE
pPC”.

In the alternate configuration using the FTIR, the Perkin
Elmer instrument incorporates a GRASEBY 1x1 MCT
detector and includes a computer interface so the Fermionics
and STI devices are not required to complete the system.
Operating Sequence

The cycle time of the apparatus is limited only by the time
required to propagate a thermal gradient through the
patient’s skin, and is generally in the range of about 0 to 20
Hz.

When the crystal 360 is in contact with the patient’s skin,
infrared energy in the 3 to 15 micron band passes from the
skin through the crystal 300 and into the Analytic Wave-
length Selection System 104. The purpose of the bandpass
filter or other similar element, previously discussed, is to
select analytical wavelengths. With the proper wavelengths
selected, the computation of glucose concentrations based
on the theory described above can be accomplished. A
typical operating sequence is shown below.

Step 1. Bring chilled thermal mass window in contact

with patient’s forearm.

Step 2. Energize heater momentarily.

Step 3. Optical energy is detected, selected, and analyzed
by the system signal processor to determine glucose
concentration per the algorithm discussed in at least
one of the incorporated references.

Step 4. Allow chilled thermal mass to re-cool patient’s
forearm.

Step 5. (Optional, where more than one cycle is required
to effect an accurate reading.) Repeat steps 2 through 4
above until the requisite number of separate glucose
determinations have been made.
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Step 6. Either report the result or, where more than one
cycle is required, average all determinations and report
result.

The useful range of analytical wavelengths of the present
inveniion is wide. In a sample ai room emperaiure (25° C.),
the peak energy is emitted at 9.8 um. In the case of a human
body (maintained typically at 37° C.), the peak emissions are
near 9.3 um. Substances at other temperatures have peak
emissions at other wavelengths. In the case of room tem-
peraiure or human Douy temperature sampws, the aﬂfuy‘uudl
range containing most of the energy is in the range of 2 to
14 ym.

Asecond preferred embodiment of a spectrometer accord-
ing to the present invention, generally indicated by the
numecral 51‘1}, is illustrated in FIG. 5. The s ayubuuuu/ud 510
comprises a thermal gradient device 200, an optics module
514, an infrared detector subsystem 516, all surrounded by
an insulated housing 518. Housing 518 is substantially
airtight. In communication with the housing 518 is a dry gas

source 822 A data canture and contrel svstem 524 and a
SOUICE JSas. /A Gald Capulure anG CONnUoL Sysiein a4 4na &

power supply 526 are coupled to various components of the
spectrometer 510 by means of electrical signal and power
lines 528. The thermal gradient device 200 has been previ-

ously described.
T ocated below the therm

optics module 514. The optlcs module 514 consists of an
infrared transmission path 542 and an homogenizer 544.
Infrared light which has passed through thermal gradient
device 200 is passed to the homogenizer 544 by means of the
optical transmission path 542. The optical transmission path
542 is provided with a mirror 543 for reflecting the infrared
light through a 90° angle.

The homogenizer 544 serves to de-focus the infrared light
completely as it passes through the homogenizer 544. This
ensures that the sensors in the infrared detector subsystem
516 are equally affected by any non-uniformities present in
the infrared light before homogenization.

infrared light ieaving the homogenizer 544 enters the
infrared detector subsystem 516. The infrared detector sub-
system 516 comprises a dewar vessel 546 and an infrared
detector array 548. The dewar vessel 546 is filled with liquid
nitrogeu to cool the infrared detector array 548.

The infrared deiecior array 548 comprises nine phoiovol-
taic mercury cadmium telluride (MCT) infrared detectors
arranged in a three by three configuration. Located in front
of each of the nine infrared detectors in the detector array
548 is a single Wavelength infrared filter. Each detector is
therefore a sensor for one paulC‘L‘uaf band of infrared cncigy,
and the output of the nine infrared detectors together pro-
vides the desired infrared spectrum. In the illustrated
cmbodiment of the invention, the ninc scnsors arc respec-
tively sensitive to infrared energy at 9.23, 10.7, 5.17, 12.0,
6.97,10.27,7.31, 6.03 and 8.4 mi
detecting altemauve wavelengths may be substituted where
a particular requirement exists therefor.

Each of these wavelengths is selected to provide particu-
lar information which is relevant to the determination of the

comnosition of the human or animal tissue under analveig
COMPOoSsIcH O i fuian Of afiilia:r ussud unGlr anaiysis.

For example, infrared light at the 5.17 micron wavelength
transmits well through water. Accordingly, it can be assumed
that infrared light at this wavelength comes [rom deeper

within the tissue than the shallow volume through which the
induced temperature rrrarhenf is nrr\nanahnn and is thus an

indication of the 111ter11a1 temperature of the tissue. For the
purposes of subsequent processing of the infrared spectrum
measured by the spectrometer 510, it can then be assumed
that a black body at this observed temperature is located

1 QA
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behind the volume through which the temperature gradient
is propagating.

On the other hand, water absorbs infrared energy very
well at the 6.03 micron wavelength. Accordingly, almost all

infrared enerov at this wavelenoth which oricinates deener
0I7ared COCIgy at ulis wWaveiCliguad Wililihl Ofiginails GeCper

in the tissue will be self absorbed by the tissue before it
reaches the skin surface. Therefore, almost all of the energy
at this wavelength originates at the skin surface, and can be
used as an indication of the skin surface temperature.

In the measurement of the glucose content in the tissue,
the 9.23 micron wavelength is particularly important, as
infrared energy is absorbed by glucose at this wavelength. In

narficular. the amount of the infrared enerov absorbed at thig
PariiCuiar, wie amount 01 L0¢ 1NIrarea ¢nergy aosoroea at tus

wavelength depends on the glucose concentration in the
body, and the signal from this detector can thus subsequently
be processed in accordance with the principles of transmis-
sion spectroscopy theory to yield a value for the glucose
content in the body.

Referring now to FIG. 6, the data capture and control
system 524 can be broken down into a number of functional

elements. includino an overall svstem control 880 an analoo
CICMCHLS, INCIUGINE an OVerdi SYSiem Conro: 39, an anaiog

to digital (A/D) sampler 552, a heater control 556, a clock
circuit 560 and an AC power line phase sensor 562.

The data capture and control system 524 receives power
from a power supply 564, which in this embodiment of the

invention is in the form of a hqttpry to imnrove isolation of

invention is in the form of a battery, to improve isolation of
the spectrometer 510 from AC power frequency interfer-
ence.

‘The output signals from the detector array 548 are small,
and are passed to a preamplifier 570. The preamplifier 570
boosts the magnitude of the signals before the signals are
sampled by the A/D sampler 552. This sampling is done at
an appropriate time as determined by the system control 550,
and as discussed in more detail below.

Similarly, the system control 550 operates the heater
control 556 at a prescribed frequency to intermittently
switch power to the heater of thermal gradient device 200.

The system control 550 receives input from a clock circuit
560 for use in timing and synchronizing the various steps
that take place in operation of the spectrometer 510.

The power line phase sensor 562 is used to sense the
phase of AC power line interference. Output from the phase
sensor 562 is used by the system control 550 as a trigger for
various sieps 1n the operaiion of the speciromeier 516, as
described in more detail below. By synchronizing the opera-
tion of the spectrometer to the phase of power line interfer-
ence in this way, the etfect of such interference on the output
of the spectrometer is reduced.

In use, the b}JCbllUfﬂﬁlcl 516 is puwcwu up and an
appropriate time interval is allowed to pass in order to allow
the various subsystems to stabilize. In particular, the thermal
mass window 200 should gencrally be permitted to reach its
stable operating temperature.
ig \lllblal wm of the SpC"‘"ﬁmCtCT 5119,
continuously supplied to the interior of the housing 518 from
the dry gas source 522. This ensures that substantially no
moisture condenses on the output end of thermal mass
device 200, which is generally at a temperature below the

dew noint of the air surroundino the snectrometer 510 Thig
GEW POoInt OF InC alr SUrrcunding toe specuyometer 3iv. 14is

is important because the presence of water on the cold
thermal mass window would interfere with the infrared
emissions received by the spectrometer 510, causing inac-
curacies in the data collected by the spectrometer.

After the spectrometer has reached a stable operating
condition, a patient puts an arm or other body part over the
window 208.

‘The contact between cold window 208, chilled by con-

ductive heat loss to thermal mass window 200, and the skin

Avr og g
ary gas is
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of the patient transfers heat conductively from the patient’s
skin to thermal mass window 200. This generates a tem-
perature differential between the skin and the interior of the
patient, and over the course of the measurement cycle, this
iemperature differeniial propagaies inio ihe paiieni’s arm in
the form of a “cold wave”. As the “cold wave” propagates
into the patient’s arm, the infrared emissions from the arm
vary as described in at least one of the incorporated refer-
ences.

IUC IULI dlCU cLTJlSSLOI]S JJOT[] LllC armm deb LlUlll
window 208 through the thermal mass window, through the
infrared transmission path 542, and thence into the homog-
enizer 544.

In the homogenizer 544, the infrared emissions are
scrambled or unfocuscd,
infrared detector array 548 are equally affected by any
non-uniformities in the infrared emissions. Non-
uniformities may be created in the infrared emissions by, for
example, a blemish on the patient’s skin. By providing the
homovenizer 544

homogenizer 544,
receives an equal signal from all parts of the patient’s skin.

Upon exiting the homogenizer 544, the infrared emissions
pass through the respective single wavelength infrared filters
positioned in front of each of the nine sensors in the infrared

detector array 548 Ar'r-r\rrhnrt]y each sencor generates a

etector arra Accordingly, each sensor generates
signal which is proportional to the infrared energy at a
characteristic wavelength, which is then passed to the
preamplifier 570.

The preamplifier 570 amplifies the signals received from
the sensors in the detector array. The signals are then passed
to the A/D sampler 552.

The A/D sampler 552, which was activated by the system
control 550, samples the signals received from the pream-
plifier 570 at between 1 and 20 ms intervals as the cold wave
propagates into the patient’s epidermal layer.

The initial actuation of A/D sampler 552 is synchronized
to a particular phase of the surrounding power line interfer-
ence by the system conirol 550, as sensed by the 60 Hz
power line phase sensor 562. By synchronizing the com-
mencement of the measurement cycle of the spectrometer in
this manner, the effect of power line interference is felt
substantially equally in every measurement cycle. Due to the
comparaiive naiure of ihe processing of the data gathered by
the spectrometer, this synchronization technique improves
the accuracy of the data captured by the spectrometer.

After a measurement A/D) sampler 552 ceases sampling
the signals received from the infrared detector array 548.

For the spectrometer illustrated in FIG. 6, the system
control 550 is a Dell XPS personal computer which has an
built-in clock 560, a monitor for the display of the captured
data, a keyboard, and a disk drive for storing the captured
data. The A/D sampler 552 is an Intelligent Instrumentation
PCI system, the power supply is a battery pack from SRS,
and the temperature control 556 is a CAL 3200.

As far as the remainder of the spectrometer 510 is
concerned, dry gas source 522 is a supply of pure nitrogen.
The homogenizer is a 100 mm by 37 mm by 37 mm square

tinihe with the inside wallg nlated with ogld. The inside wallg
WOl Wi Wi MISIGC Wais Piailh Wil g01G. 1 40 HSIGC Waus

of the tube are highly polished and are therefore highly
reflective to the infrared light passing through the homog-
enizer. The sensors in the infrared detector array are pho-
tovoltaic MCT infrared detectors supplied by Fermionics,

P
ihe

that all ~f tha tha
so that all of the scnsors ul nGe

each sensor in the detecior array 548
€acl sensor 1 e GeleClor array 549

Inc.

After the measurement cycles have been completed by
one of the spectrometers described herein, the data are
processed as described in accordance with a subsurface
thermal gradient spectrometric methodology. Such method-
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ologies include, but are not necessarily limited to: Appli-
cant’s patent application entitled “SUBSURFACE THER-
MAL GRADIENT SPECTROMETRY” filed on the same
day as the application for this patent, under LaRiviere,
Grubman & Payne Dockei No. P826; U.S. paieni applicaiion
Ser. No. 08/820,378; and U.S. patent application Ser. No.
08/816,723, each of which have been incorporated herein by
reference.

It will be appreciated that many modifications can be
lllduc I.U I.UC SpecLlOl]]eLC[b UeSCIIUCU dUUVU Wll.llUuL uepaﬁ.-
ing from the spirit and scope of the invention.

For example, the three by three detector array 548 may be
replaced by a single infrared sensor behind a variable filter
wheel. The filter wheel will then rotate to provide the desired
bands of infrarcd i ugul to thc s 011151u infrarcd scnsor. In such
a case, it will not be necessary to provide a homogenizer to
equalize the infrared light between a number of infrared
detectors in an array.

Also, room temperature infrared sensors may be used
In such a

i Sudl a

insiead of sensors reguirine ervooenic cooline

instead of sensors requiring cryogenic cooling.
case, the dewar vessel 546 will of course not be required.

Further, it will also be appreciated that energy at more or
less than nine infrared wavelengths may be sensed to
provide more or less information on the infrared spectrum

emitted from the ticsue. ﬂpnprq"v there i< a tradeoff here

between cost and accuracy, with more sensors/wavelengths
sensed providing a better tolerance of extraneous factors and
a more accurate final output. In a low cost production
version therefor, where less accuracy may be acceptable,
fewer sensors may be used.

Similarly, in a production version of the spectrometer, it
may not be necessary to provide a preamplifier to boost the
output signals.

In use, it may be necessary in some circumstances to
calibrate the spectrometer of the present invention in the
field. While such calibration presents no particular difficulty
in the laboratory environment, it will be appreciated that
accurate calibration in the fieid presents some rather inter-
esting challenges. Calibration of an instrument such as the
type taught herein often requires the use of standards. In its
simplest form a standard for calibrating a thermal gradient
spectrometer optimized for determining glucose concentra-
tions 1s nothing more than an aqueous solution of glucose,
where the exact concentration of glucose is known. Use of
such a simple standard presents at least two problems
however.

First, once a standard solution leaves the 1ab0rat0ry it is
buu|cu. t0 a wide vaucl._y of environmental effects which can
serve to degrade its accuracy. Such effects include, but are
not limited to evaporation, contamination, fermentation,
dilution, sundry photochcmical cffccts, spillage, and the like.
Given the need for extremely precise measurements afforded
U_y the IJIIIILIIJI\/\ of the I‘JTCQCT}[ m'v’cnno‘n, any u\/gl radation in
accuracy is unacceptable.

A second problem lies in the fact that a simple solution of
glucose cannot properly mimic the physiology of human
tissue. Tissue, and most importantly skin, is a layered

strmicture. Accordinoly. the nrincinles of the nresent inven-
sruchure. ACCoraing.y, ne principies ol 1oe present mven

tion contemplate the use of layered polymeric standard
structures which closely mimic human skin. A number of
such standards, each containing 4 different concentration of
glucose, may be used.

One structure for such a standard includes a number of
polymeric layers. The first layer, that which is placed in
contact with the optical window of the spectrometer of the
present mvention is intended to mimic the stratum corneum,

and has the following properties:
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Thickness=50 gm +/-20 pm;

Moisture content less than 20%;

No spectral features in the infrared band from 3-12 um;
Known thermal impedance; and

Known thermal capacitance.
The second layer mimics the epidermis and has the

foliowing properties:
Thickness=300 ym +/-50 um;

NMaigture ant_QN07Z 1/ _1007.

Moisture content=80% +/-10%;

Glucose spectral features at 9.6 um;

No other spectral features in the infrared band from 3-12

pm;

Known thermal impedance; and

Known thermal capacitance.

Standards are provided at a variety of glucose concentra-
tions. Useful concentrations might be:

0% glucose;

50 mg/dL glucose (physiological hypoglycemia);

100 mg/dL glucose (physiological normal);

500 mg/dL glucose (physiological hyperglycemia); and

1000 mg/dL glucose (outside the physiological limits).

The standards are packed in a hermetic container and
erdlCU to prmong bﬂclf hrc d.H(.l to rCl.dI'(J mlLrODldl growm
Sterility may, or may not be desirable. The container, and the
standards themselves should have imprinted thereon data
about the standard including its glucose concentration. The
labeling could be machine-readable, for example, using a
ar ¢
In use, the spectrometer could be placed in a calibration
mode, manually or automatically upon presentation of the
standard thereto. The spectrometer then reads the encoded
information from the standard, or as manually entered. The
spectrometer then scans the standard. When comple{e, the
instrument may prompt for the next standard in the series.
When all standards in the series have been scanned, the
spectrometer post-processes the data:

The instrument rnay determine that it is within

bPCblll\.«al.lUll, dllLl SO 11U|.1Ly l.lJC UPCI d.l.Ul,

The instrument may determine that it is out of specifica-
tion and may perform an automatic adjustment. It will
then notify the operator that the adjustments have been
successfully accomplished.

The instrument may determine that is out of specification
and requires manual adjustment. The operator must be
notified accordingly.

In each of the above cases, operator notification may
additionally require a network connection to a computer or
remote database. Such network connection may provide not
only a repository for calibration information for a number of
instruments, but may serve to automatically calibrate the
instrument from the remote location. In similar fashion, the
network connection may also be utilized to retain a remote

o

0ac.

repository of
freatment options given a certain patient history and reading.
The applicants claim:
1. A solid-state thermal gradient device, comprising:
an infrared transmissive thermal mass;
an intermittent heating means in operative combination
with the infrared transmissive thermal mass; and
cooling means in operative combination with the infrared
transmissive thermal mass.
2. The solid-state thermal gradient device of claim 1,
wherein said intermittent heating means comprises an
infrared transmissive heating means; and

Antolhncn ~AF wotinmt dafnmmnntina  ond e o
GataocasC 01 paiicit lllLUluldllUll, ana 1or a
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wherein the operative combination of the infrared trans-
missive thermal mass and the infrared transmissive
intermittent heating means defines an optical pathway
therethrough for the transmission of infrared energy.

2 The solid-state thermal oradient device of claim 2
<. 108 SCuG-=Sia wilimia: gradulit GeVice Or Chaill &«

further comprising a thermal impedance zone disposed
between, and in thermal contact with, the infrared transmis-
sive thermal mass and the infrared transmissive intermittent
heating means.

4. The solid-state thermal gradient device of claim 3
wherein the thermal impedance 7zone further comprises an
infrared transmissive thermal impedance zone.

5. The solid-state thermal eradient device of claim
J. 1€ S0G-Slale WeTmd: gradient Gevice o1 Ciaim

wherein the thermal impedance zone further comprises a
quantity of germanium-arsenic-selenium glass.

6. The solid-state thermal gradient device of claim 2
wherein the infrared transmissive inlermittent healing means
further comprises an electrical resistance heating grid.

7. The solid-state thermal gradient device of claim 1
further comprising:

an infrared transmissive Wlnuﬁ"w';

means for retaining the infrared transmissive window in

operative and thermal combination with the infrared
transmissive intermitient heating means.

8. The solid-state thermal gradient device of claim 7
wherein the means for retaining the infrared transmissive
window further is selected from the group consisting of
means for fixedly retaining the infrared transmissive
window, and means for removably reiaining ihe inirared
transmissive window.

9. The solid-state thermal gradient device of claim 7
wherein the infrared transmissive window is selected from
the group consisting of a fixedly mounted infrared transmls-

ve

10 The solid-state thermal gradlent device of claim 1
wherein the cooling means is a passive cooling means.

ii. The solid-siaie ihermal gradieni device of claim 14
wherein the passive cooling means further comprises the
infrared transmissive thermal mass.

12. The solid-state thermal gradient device of claim 10

wherein the passive cooling means further comprises a heat
sink in operative and thermal combination with the infrared
transmlsswe thermal mass.

13. The solid-state thermal gradient device of claim 1
wherein the cooling means is an acilve cooling means.

14. The solid-state thermal gradient device of claim 13
wherein the active cooling means further comprises a heat
exchanger in operative and thermal combination with the
infrared transmissive thermal mass.

(]

L e ctote tloo it o f a1t 1A

IUC bUllu Staic LllClllldl gld\JJClll. LlEV'lL.«C OL clainil 1<+
wherein the active cooling means further comprises means

for applying a flow of coolant to the heat exchanger.
16. The solid-statc thermal gradicnt device of claim 1
wherein the infrared transmrsswe thermal mass is selected
nd

Fors
mom

1=
10.

CoOn, ana

diamond.

17. The solid-state thermal gradient device of claim 1
wherein the intermittent heating means is selected from the
group consisting of: heat exchanger; electrical resistance

heatine orid; thermo-electric heater: and wi
aealing gria; tnermo-CieCic nealer; ana w

grid.

18. The solid-state thermal gradient device of claim 1,
wherein said device is configured [or measuring analyte
concentrations in heterogeneous material.

t dev 18,
wherein said device is further eouﬁgured for ealrbratrou
using a calibration standard which mimics the physiology of
human tissue and which contains an analyte at a known
concentration.

re bridoe heatine
€ ONGEL afaung
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20. A device as in claim 18 wherein said calibration
standard includes a machine readable calibration standard.
21. A device as in claim 20 wherein said machine readable
calibration standard comprises a bar code.

22. The solid state-thermal eradient device of claim 18
108 S0 Stare-uiliiia: graGinn GOViICe O1 Ciaiil 18,

whercm said device is further configured for network con-
nection to at least one of a computer and a remote database.

23. The solid-state thermal gradient device of claim 22,
wherein said computer and database are configured for at
least one of transmlttmo and recelvma data from the group
consisting of: calibration data; patient data; and treatment
dara.

24. A solid state thermal gradient device, comprising:

an infrarcd transmissive thermal mass;

an infrared transmissive heatino ]uupr formed on
an mirarcd ransmissive nealing Criormec o

of, and in operative comblnauon with, the mfrared
transmissive thermal mass;

means for intermittently energizing the infrared transmis-
sive heating layer; and

infrared transmissive thermal impedance layer disposed
between, and in thermal contact with, the infrared
transmissive thermal mass and the infrared transmis-
sive heating layer.

25. A solid-state device as recited in claim 24, wherein

ca1d device iq confionired for the generation and canture of
5a1G GEVICe 1s Coniigurea Ior e genlrauon ana fapiure Oi

thermal gradient spectra from the living tissue.
26. A solid state device for the generation of thermal
gradient spectra in living tissue, the spectra for determining
an analyle concentration in the tissue, the device comprising
in operative combination:
an infrared transmissive germanium cylinder defining a
thermal mass, the mass further characterized by having
a high degree of thermal transmission;

an infrarcd transmissive thermal impcdancc laycr com-
yuSlﬁg a lCLatlvely thin 1&')1'61'
selenium glass disposed on a surface of the germanium
cylinder;

an infrared transmissive wire-grid heating element dis-

posed on the infrared transmissive thermal impedance

of gauuhu arseiic-

heat exchanger means, in thermal combination with the
infrared transmissive germanium cylinder, for main-
taining the infrared transmissive germanium cylinder
within a specified temperature range; and
means for preventing condensation on at least one surface
of the infrared transmissive germanium cylinder,

wherein the infrared transmissive germanium cylinder,
the infrared transmissive thermal impedance layer, and
the infrared transmissive wire-grid heating element
form an optical pathway for the transmission of infra-
red energy therethrough.
27. A solid-state device as recited in claim 26, wherein
said device is configured for the generation and capture of
thermal gradient spectra from living tissue.
28. A method for the fabricating a solid-state thermal
gradient device, comprising:
forming an infrared transmissive germanium cylinder
defining a thermal mass, the mass further characterized
by having a high degree of thermal transmission;

disposing, on a surface of the germanium cylinder, an
infrared transmissive thermal impedance layer com-
prising a relatively thin layer of gallium-arsenic-
sclenium glass; and

disposing an infrared transmissive wire-grid heating ele-

ment on the infrared transmissive thermal impedance
layer.
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29. A method as recited in claim 28, further comprising
disposing the infrared transmissive germanium cylinder, an
infrared transmissive thermal impedance layer, and infrared
transmissive wire-grid heating element in operative combi-
naiion wiihin a non-invasive inirared absorpiion specirom-
eter.

30. A method for forming a solid state thermal gradient
device, the method comprising the steps of:

forming an infrared transmissive thermal mass;

forming an infrared transmissive heating layer on a sur-
face of, and in operative combination with, the infrared

transmissive thermal mass;

providing a means for intermittently energizing the infra-
red transmissive heating layer; and

disposing an infrared transmissive thermal impedance
layer between, and in thermal contact with, the infrared
iransmissive thermal mass and the iniermiiieni heating
layer.

31. The method of claim 30 further comprising the steps

of:

maintaining the infrared transmissive germanium cylinder
within a specified temperature range disposing a heat
exchanger means, in thermal combination with the
infrared transmissive germanium cylinder; and

preventing condensation on at Icast onc surface of the
infrared transmissive germanium cylinder,

whereby the infrared transmissive germanium cylinder,
the infrared transmissive thermal impedance layer, and

the infrared transmissive wire- nnA
ranpsm neatiny iement

form an optical pathway for the transrmsswn of infra-
red energy therethrough.
32. A method for using a solid-state thermal gradient
device to measure analyte concentrations in heterogeneous
material, the method comnrisine the steps of:

naterial, the method comprising the st

heatino element
g €

disposing the solid-state thermal gradient device in a

spectrometer;

placing a portion of a patient’s anatomy into physical and

thermal contact with the solid-state thermal gradient
device;

generating, with the solid-state thermal gradient device, a

thermal gradient in at least a portion of the patient’s
anatomy; and

capturing at least a portion of the thermal gradient spectra

obtaincd from the gencrating step with the spectrom-
eter.

33. The methad of claim 32 further for calibrating the
spectrometer and comprising the further step of utilizing a
calibration standard which mimics the physiology of human
tissue and which contains an analyte at a known concentra-
tion to ensure calibration of the spectrometer.

34. The method of claim 32 further comprising the step
connecting the spectrometer to at least one of a computer
and a remote database.

35. The method of claim 32 further comprising the step of
transmitting, from the spectrometer, data from the group
consisting of: calibration data; patient data; and treatment
data.

36. The method of claim 32 further comprising the step of
receiving, at the spectrometer, data from the group consist-
ing of: calibration data; patient data; and treatment data.

37. A solid-state thermal gradient device, comprising:

an infrared transmissive thermal mass;

infrared transmissive intermittent heating means in opera-

tive combination with said infrared transmissive ther-
mal mass, said operative combination defining an opti-
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cal pathway therethrough for the transmission of
infrared energy; and

thermal impcdance zone disposed between, and in
thermal contact with, the infrared transmissive thermal
mass and infrared transmissive intermittent heating
means.
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an mfrared transmissive thermal 1mpcdance zone.

39. A solid-state thermal gradient device as recited in
claim 37, wherein said thermal impedance zone comprises a
quantity of germanium-arsenic-selenium glass.

40. A solid-state thermal gradient device, comprising:

an infrared transmissive thermal mass;, and

an electrical resistance heating grid in operative combi-
nation with said infrared transmissive thermal mass,
bdlu Upul‘aﬁVC COl‘HDIuauO‘H U\.lll—ll‘l‘lg an Upilcdl Pdlllway
therethrough for the transmission of infrared energy.
41. A solid-state thermal gradient device, comprising:
an infrared transmissive thermal mass;

infrared transmissive intermittent heating means in opera-
tive combination with the infrared transmissive thermal
mass;

a

means for retaining the infrared transmissive window in

operative and thermal combination with the infrared
transmissive intermittent heating means.

42. A solid-state thermal gradient device as recited in
claim 41, wherein said means for retaining the infrared
transmissive window is selected from the group consisting
of means for fixedly retaining the infrared transmissive
window, and means for removably retaining the infrared
transmissive window.

43. A solid-staie ihermal gradieni device as reclied in
claim 41, wherein the infrared transmissive window is
selected from the group consisting of a fixedly mounted
infrared transmissive window and a removably mounted
infrared transmissive window.

44. A method for 1‘1ak1‘1g
device, comprising:

forming an infrared transmissive thermal mass;

forming an infrared transmissive intermittent heating
means in operative combination with the infrared trans-
missive thermal mass; and

dlsposmg a thermal 1mpedance zone between, and in

€ uIc

mass and the infrared transmissive intermittent heating
means.
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45. A method as recited in claim 44, wherein said thermal
impedance zone comprises an infrared transmissive thermal
impedance zone.
46. A method for making a solid-state thermal gradient
device, comprising:
forming an infrared transmissive thermal mass;

£ Fraend
Luuulug an infrarcd

means in operative combination
transmissive thermal mass; and

ing

with said infrared

providing cooling means for cooling said infrared trans-
missive thermal mass.

47. Ameihod as reciied in claim 46, wherein said cooling
means is selected from the group consisting of passive
cooling means and active cooling means.

48. A method for making a solid-state thermal gradient
device, comprising:

forming an infrared transmissive thermal mass;

forming an infrared transmissive intermittent heatmg
(h the infrar
ar

means in operative combination wi
with the mir

means in operative combination
missive thermal mass; and
disposing a transmissive thermal impedance zone
between comprising a quantity of germanium-arsenic-
selenium glass between, and in thermal contact with,
the infrarcd transmissive thermal mass and th
transmissive intermittent heating means.
49. A method for making a solid-state thermal gradient
device, comprising:

LIS |
C 1 JLIdlbU

forming an infrared transmissive thermal mass;

forming an infrared transmissive intermittent heating
means in operative combination with the infrared trans-

missive thermal mass:

missive thermal mass;

disposing an infrared transmissive window on a surface of
the infrared transmissive intermittent heating means;
and

retaining the infrared transmissive window in operative
and thermal combination with the infrared transmissive
intermittent heating means.

50. A method as recited in claim 49, wherein said infrared
transmissive window is retained by retaining means selected
from the group consisting of means for fixedly retaining said
infrared iransmissive window, and means {or removably
retaining said infrared transmissive window.

51. A method as recited in claim 49, wherein said infrared
transmissive window is selected from the group consisting
1nfrared transmissive window and a
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